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Chapter 6
Hydrologic Frequency Det erminations

6-1.  Introduction

F requency curves are most commonly used in Corps of
Engineers studies to determine the economic value of flood
reduction projects.  Reservoir applications also include the
determination of reservoir stage for real estate acquisition
and reservoir-use purposes, the selection of rainfall
magnitude for synthetic floods, and the selection of runoff
magnitude for sizing flood-control storage.

a. Annual and partial-duration frequency.  There are
two bas ic types of frequency curves used in hydrologic
work.  A curve of annual maximum events is ordinarily
used when the primary interest lies in the very large events
or when the second largest event in any year is of minor
concern in the analysis.  The partial-duration curve
represents the frequency of all events above a given base
value,  regardless of whether two or more occurred in the
same year.  This type of curve is ordinarily used in eco-
nomic analysis when there are substantial damages result-
ing from the second largest and third largest floods in
extremely wet years.  Damage from floods occurring more
frequently than the annual event can occur in agricultural
areas, when there is sufficient time between events for
recovery and new investment.  When both the frequency
curve of annual floods and the partial-duration curve are
used,  care must be exercised to assure that the two are
consistent.

b. Seasonal frequency curves.  In most locations,
there are seasons when storms or floods do not occur or are
not  severe, and other seasons when they are more severe.
Also, damage associated with a flood often varies with the
season of the year.  In studies where the seasonal variation
is of primary importance, it becomes necessary to establish
frequency curves for each month or other subdivision of the
year.  For example, one frequency curve might represent
the largest floods that occur each January; a second one
would represent the largest floods that occur each February,
etc.   In another case, one frequency curve might represent
floods during the snowmelt season, while a second might
represent floods during the rainy season.  Occasionally,
when seasons are studied separately, an annual-event curve
covering all seasons is also prepared.  Care should be
exercised to assure that the various seasonal curves are
consistent with the annual curve.

6-2.  Duration Curv es

a. Flow duration curve.  In power studies, for run-
of-river plants particularly and in low-flow studies, the
flow-duration curve serves a useful purpose.  It simply
represents the percent of time during which specified flow
rates are exceeded at a given location.  Ordinarily, varia-
t ions within periods less than 1 day are inconsequential,
and the curves are therefore based on observed mean-daily
flows.  For the purposes served by flow duration curves, the
ext reme rates of flow are not important, and consequently
there i s  no need for refining the curve in regions of high
flow.

b. Preparing flow-duration curve.  The procedure
ordinarily used to prepare a flow duration curve consists of
counting the number of mean-daily flows that occur within
given ranges of magnitude.  The lower limit of magnitude
in each range is then plotted against the percentage of days
of record that mean-daily flows exceed that magnitude.  A
flow duration curve example is shown in Figure 6-1.

6-3.  Flood-Frequency Determinations

At many locations, flood stages are a unique function of
flood discharges for most practical purposes.  Accordingly,
i t  i s  usual practice to establish a frequency curve of river
discharges as the basic hydrologic determination for flood
damage reduction project studies.  In special cases, factors
other than river discharge, such as tidal action or
accumulated run-off volume, may greatly influence river
s tages.  In such cases, a direct study of stage frequency
based on recorded stages is often warranted.

a. Determination made with available data.  Where
runoff data at or near the site are available, flood-frequency
determinations are most reliably made by direct study of
these data.  Before frequency studies of recorded flows are
made, the flows must be converted to a uniform condition,
usually to conditions without major regulation or diversion.
Developing unregulated flow requires detailed routing
studies to remove the effect of reservoir hold-outs and
diversions.  As damaging flows occur during a very small
fraction of the total time, only a small percentage of daily
flows are used for flood-frequency studies.  These consist
of the largest flow that occurs each year and the secondary
peak flows that cause damage.  However, for most
reservoirs studies, the period-of-record flow will be
required for analysis of nonflood purposes and impacts.
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Figure 6-1.  Example flow duration curve

b. Historical data.  Flood frequency estimates are damaging events are ordinarily made separately.  The
subject to considerable uncertainty, even when fairly long addition of historical information can be very important in
records are available.  In order to increase the reliability of verifying the frequency of large recorded events.
frequency estimates, empirical theoretical frequency Historical information on large damaging floods can be
relations are used in specific frequency studies.  These obtained through standard sources such as USGS water
studies require that a complete set of data be used.  In supply series or from newspapers and local museums.  The
order to comply with this requirement, the basic frequency latter sources often are more qualitative but give important
study ordinarily is based on the maximum flow for each insight into the relative frequency of recorded events.
year of record.  Supplementary studies that include other
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c. Selecting and computing frequency curves.  The accordingly to make inferences regarding their “ parent
underlying general assumption made in all frequencypopulation” (i.e., the distribution from which they were
studies is that each observed event represents an approxi- derived).  The procedure is applied to annual maxima of
mately equal proportion of the future events that will occur unregulated flow, which are assumed to be independent
at  the location, if controlling conditions do not change. random events.  The fact that the set of observations could
Detailed procedures for selecting data and computing resul t  from any of many sets of physical conditions or
flood-frequency curves are presented in EM 1110-2-1415 distributions leaves considerable uncertainty in the derived
and HEC-FFA program (HEC 1992c). curve.  However, using statistical processes, the most

d. Regional correlation of data.  Where runoff data at were derived can be estimated.  Because this in all
or near the site do not exist or are too fragmentary to probabi lity is not the true parent population, the relative
support direct frequency calculations, regional correlation chance that variations from this distribution might be true
of frequency statistics may be used for estimating fre- must  be evaluated.  Each range of possible parent
quencies.  These correlations generally relate the mean and populations is then weighted in proportion to its likelihood
standard deviation of flows to drainage basin characteristics in order to obtain a weighted average.  A probability
and location.  Techniques of regional correlation are obtained from this weighted average is herein referred to as
presented in Chapter 9 of EM 1110-2-1415. the expected probability P .  Chapter 3 of EM 1110-2-1415

e. Ext reme floods.  In the analysis of reservoir proj-
ects, the project's performance during floods larger than the (3)  Regional.  Because of the shortness of hydrologic
maximum recorded events is usually required.  Extra- records, frequency determinations for rare events are
polating derived frequency relations is uncertain, so special relatively unreliable when based on a single record.  Also, it
studies of the potential magnitudes of extreme flood events is  often necessary to estimate frequencies for locations
are usually required.  The most practical approach is where no record exists.  For these reasons, regionalized
through examination of rainstorms that have occurred in the frequency studies, in which frequency characteristics are
region and determination of the runoff that would result at related to drainage-basin features and precipitation charac-
the project location if these storms should occur in the teri s tics, are desirable.  Regionalized frequency studies
t ributary area.  This subject is discussed in the following usually develop relationships for analytical frequency
chapter, “ Flood-Runoff Analysis.” statistics.  An alternative approach is to develop predictive

6-4.  Estimating Frequency Curv es

a. Approaches.  There are two basic approaches to
estimating frequency curves--graphical and analytical.
Each approach has several variations, but the discussion
herein will be limited to recommended methods.  The
primary Corps reference for computing frequency curves is
EM 1110-2-1415.

(1)  Graphical.  Frequencies are evaluated graphically
by arranging observed values in the order of magnitude and
representing frequencies by a smooth curve through the
array of values.  Each observed value represents a fraction
of the future possibilities and, when plotting the frequency
curve, it is given a plotting position that is calculated to
give it the proper weight.  Every derived frequency relation
should be plotted graphically, even though the results can
be obtained analytically.  Paragraph 2-4 of EM 1110-2-
1415 presents “ Graphical Frequency Analysis.”

(2)  Analytical.  In the application of analytical (sta-
t i s t i cal) procedures, the concept of theoretical populations
or distributions is employed.  The events that have occurred
are presumed to constitute a random sample and are used

probable nature of the distribution from which the data

N
covers analytical flood-frequency analysis.

equations for the flow for specific recurrence intervals.
Chapter 9 of EM 1110-2-1415 presents regression analysis
and its application to regional studies.

b.   Flood volume-duration frequencies.  A compre-
hensive flood volume-duration frequency series consists of
a set of:  1, 3, 7, 15, 30, 60, 120, and 183-day average flows
for each water year.  These durations are normally available
from the USGS WATSTORE files, and they are the default
durations in the computer program STATS (HEC 1987a).
Runoff volumes are expressed as average flows in order
that peak flows and volumes can be readily compared and
coordinated.  Paragraph 3-8 of EM 1110-2-1415 covers
flood volumes.

c. Low flow frequencies.  Reservoir analysis often
requires the evaluation of the frequencies of low flows
forvarious durations.  The same fundamental procedures
can be used, except that minimum instead of maximum
runoff values are selected from the basic data.  For low
flows, the effects of basin development are usually more
s igni fi cant than for high flow.  A relatively moderate
divers ion may not be very significant during a flood;
however, it may greatly modify or even eliminate low
flows.  Accordingly, one of the most important aspects of
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low flows concerns the evaluation of past and future effects b. Regulated runoff frequency curves.  If it is prac-
of bas in developments.  Chapter 4 of EM 1110-2-1415 tical, the most complete approach to determining frequency
describes low-flow frequency analysis. curves of regulated runoff consists of routing flows for the

d. Reservoir level frequency.  A reservoir frequency works, arranging the annual peak regulated flows in order
curve of annual maximum storage is ordinarily constructed of magnitude, assigning a plotting position to the peak
graphically, using the procedures for flood-flow frequency. values, plotting the peak flow values at the assigned
Observed storage should be used to the extent available, but plotting position, and drawing the frequency curve based on
only if the reservoir has been operated in the past in the plotted data.  A less involved method consists of routing
accordance with future plans.  If historical data are not the largest floods of record, or multiples of a large
avai lable, or if it is not appropriate for future use, then hypothetical flood, to estimate the regulated frequency
reservoir routings should be used to develop data for curve.   This approach requires the assumption that the
expected reservoir operations.  Stage-duration curves can frequency of the regulated peak flow is the same as the
be constructed from historical operation data or from unregulated peak flow, which is probably true for the
s imulations.  These curves are usually constructed for the largest floods.  Paragraph 3-9d of EM 1110-2-1415
entire period-of-record, or for a selected wet or dry period. describes these methods.
F or some purposes, particularly recreational use, the
seasonal variation of reservoir stages is of importance, and c. Erratic stage-discharge frequency curves.  In
a set of frequency or duration curves for each month of the general, cumulative frequency curves of river stages are
year may be required.  Reservoir stage (or elevation) curves determined from frequency curves of flow.  In cases where
should indicate significant reservoir levels such as: the stage-discharge relation is erratic, a frequency curve of
minimum pool, top of conservation pool, top of flood- stages can be derived directly from stage data.  Chapter 6 of
control pool, spillway crest elevation, and top of dam. EM 1110-2-1415 presents stage-frequency analysis.

6-5.  Effect of Basin Dev elopments on Frequency
Relations

a. Ef fects of flood-control works.  Most hydrologic
frequency estimates serve some purpose relating to the
planning, design, or operation of water resources manage-
ment projects.  The anticipated effects of a project on
flooding can be assessed by comparing the peak discharge
and volume frequency curves with and without the project.
Also, projects that have existed in the past have affected the
rates and volumes of floods, and recorded values must be
adjusted to reflect uniform conditions in order for the
frequency analysis to conform to the basic assumptions of
randomness and common population.  For a frequency
curve to conform reasonably with a generalized
mathematical or probability law, the flows must be
essentially unregulated by man-made storage or diversion
st ructures.  Consequently, wherever practicable, recorded
runoff values should be adjusted to unregulated conditions
before a frequency analysis is made.  However, in cases
where the regulation results from a multitude of relatively
small hydraulic structures that have not changed appre-
ciably during the period of record, it is likely that the
general  mathematical laws will apply as in the case of
natural flows, and that adjustment to natural conditions
would be unnecessary.  The effects of flood control works
are presented in paragraph 3-9 of EM 1110-2-1415, and
effects of urbanization in paragraph 3-10.

ent i re period of record through the proposed management

d. Reservoir or channel modifications.  Project
construction or natural changes in streambed elevation may
change the relationship between stage and flow at a
location.  By forming constrictions, levees may raise river
stages half a meter for some distance upstream.  Reservoir
or channel modifications may cause changes in degradation
or aggradation of streambeds, and thereby change rating
curves.   Thus, the effect of projects on river stages often
involves the effects on channel hydraulics as well as the
effects on streamflow.  Consult EM 1110-2-1416 for
information on modeling these potential changes.

6-6.  Selection of Frequency Data

a. Primary considerations.  The primary consider-
at ion in selecting an array of data for a frequency study is
the objective of the frequency analysis.  If the frequency
curve that is developed is to be used for estimating damages
that are related to instantaneous peak flows in a stream,
peak flows should be selected from the record.  If the
damages  are related to maximum mean-daily flows or to
maximum 3-day flows, these items should be selected.  If
the behavior of a reservoir under investigation is related to
the 3-day or 10-day rain-flood volume, or to the seasonal
snowmelt volume, that pertinent item should be selected.
Normally, several durations are analyzed along with peak
flows to develop a consistent relationship.



EM 1110-2-1420
31 Oct 97

6-5

b. Selecting a related variable.  Occasionally, it is flows are better adapted to analytical methods and are more
necessary to select a related variable in lieu of the one easily compared within a region.  Frequency curves of
des i red.  For example, where mean daily flow records are present-regulated conditions (those prevailing under current
more complete than the records of peak flows, it may be practices of regulation and diversion) or of future-regulated
desirable to derive a frequency curve of mean-daily flows condi tions can be constructed from the frequency curve of
and then, from the computed curve, derive a peak-flow natural flow by means of an empirical or logical
curve by means of an empirical relation between mean daily relationship between natural and regulated flows.  Where
flows and peak flows.  All reasonably independent values data recorded at two different locations are to be combined
should be selected, but the annual maximum events should for construction of a single frequency curve, the data
ordinarily be segregated when the application of analytical should be adjusted as necessary to a single location, usually
procedures is contemplated. the location of the longer record, accounting for differences

c. Data selected.  Data selected for a frequency study channel characteristics between the locations.  Where the
must measure the same aspect of each event (such as peak stream-gauge location is somewhat different from the
flow, mean-daily flow, or flood volume for a specified project location, the frequency curve should be constructed
duration), and each event must be controlled by a uniform for the stream-gauge location and subsequently adjusted to
set of hydrologic and operational factors.  For example, it the project location.
would be improper to combine items from old records that
are reported as peak flows but are in fact only daily f. Runoff record interruptions.  Occasionally, a
readings, with newer records where the peak was actually runoff record may be interrupted by a period of one or more
measured.  Similarly, care should be exercised when there years.  If the interruption is caused by the destruction of the
has been significant change in upstream storage regulation gauging station by a large flood, failure to fill in the record
during the period of record so as not to inadvertently for that flood would have a biasing effect, which should be
combine unlike events into a single series.  In such a case, avoided.  However, if the cause of the interruption is
the entire flow record should be adjusted to a consistentknown to be independent of flow magnitude, the entire
condition, preferably the unregulated flow condition. period of interruption should be eliminated from the

d. Hydrologic factors.  Hydrologic factors and rela- no runoff records are available on the stream concerned, it
t i onships operating during a winter rain flood are usually is possible to estimate the frequency curve as a whole using
qui te different from those operating during a spring snow- regional generalizations.  An alternative method is to
melt flood or during a local summer cloudburst flood. estimate a complete series of individual floods from
Where two or more types of floods are distinct and do not recorded precipitation by continuous hydrologic simulation
occur predominantly in mutual combinations, they should and perform conventional frequency analysis on the
not be combined into a single series for frequency analysis. simulated record.
T hey should be considered as events from different parent
populations.  It is usually more reliable in such cases to
segregate the data in accordance with type and to combine
only the final curves, if necessary.  For example, in the
mountainous region of eastern California, frequency studies
are made separately for rain floods, which occur principally
from November through March, and for snowmelt floods,
which occur from April through July.  Flows for each of
these two seasons are segregated strictly by cause, those
predominantly caused by snowmelt and those
predominantly caused by rain.  In desert regions, summer
thunderstorms should be excluded from frequency studies
of winter rain flood or spring snowmelt floods and should
be considered separately.  Similarly, in coastal regions it
would be desirable to separate floods induced by hurricanes
or typhoons from other general flood events.

e. Data adjustments.  When practicable, all runoff
data should be adjusted to unregulated hydrologic condi-
t ions before making the frequency study because natural

of drainage area and precipitation and, where appropriate,

frequency array, since no bias would result.  In cases where

6-7.  Climatic Variations

S ome hydrologic records suggest regular cyclic variations
in precipitation and runoff potential.  Many attempts have
been made to demonstrate that precipitation or stream flows
display variations that are in phase with various cycles, par-
ticularly the well-established 11-year sunspot cycle.  There
is  no doubt that long duration cycles or irregular climatic
changes are associated with general changes of land masses
and seas and with local changes in lakes and swamps.
Also, large areas that have been known to be fertile in the
past are now arid deserts, and large temperate regions have
been covered with glaciers one or more times.  Although
the existence of climatic changes is not questioned, their
effect is ordinarily neglected because long-term climatic
changes generally have insignificant effects during the
period concerned in water development projects, and short-
term climatic changes tend to be self-compensating.  For
these reasons, and because of the difficulty in



EM 1110-2-1420
31 Oct 97

6-6

di fferentiating between fortuitous and systematic changes, reliability of frequency estimates is greater than that of
it is considered that, except for the annual cycle, the effect measurement errors.  For this reason, it is usually better to
of natural cycles or trends during the period of useful include an estimated magnitude for a major flood than to
project life can ordinarily be neglected in hydrologic ignore it.  For example, a flood event that was not recorded
frequency studies. because of gauge failure should be estimated, rather than to

6-8.  Frequency Reliability Analyses

a. Inf luences.  The reliability of frequency estimates
is  influenced by the amount of information available, the
variability of the events, and the accuracy with which the
data were measured.

(1)  In general with regard to the amount of information
available, errors of estimate are inversely proportional to
the square root of the number of independent items
contained in the frequency array.  Therefore, errors of
est imates based on 40 years of record would normally be
half as large as errors of estimates based on 10 years of
record, other conditions being the same.

(2)  The variability of events in a record is usually the
most  important factor affecting the reliability of frequency
est imates.  For example, the ratio of the largest to the6-9.  Presentation of Frequency Analysis Results
smallest annual flood of record on the Mississippi River at
Red River Landing, LA, is about 2.7; whereas the ratio of Information provided with frequency curves should clearly
the largest to the smallest annual flood of record on the indicate the scope of the studies and include a brief
Kings R iver at Piedra, CA, is about 100 or 35 times as description of the procedure used, including appropriate
great.  Statistical studies show that as a consequence of this references.  When rough estimates are adequate or neces-
di fference in variability, a flow corresponding to a given sary,  the frequency data should be properly qualified in
frequency that can be estimated within 10 percent on the order to avoid misleading conclusions that might seriously
Mississippi River, can be estimated only within 40 percent affect the project plan.  A summary of the basic data
on the Kings River. consisting of a chronological tabulation of values used and

(3)  The accuracy of data measurement normally has helpful.  The frequency data can also advantageously be
relatively little influence on the reliability of a frequency presented in graphical form, ordinarily on probability paper,
estimate, because such errors ordinarily are not systematic along with the adopted frequency curves.
and tend to cancel.  The influence of extreme events on

omit it from the frequency array.  However, it is advisable
to always use the most reliable sources of data and to guard
against systematic errors.

b. Errors in estimating flood frequencies.  It should
be remembered that possible errors in estimating flood
frequencies are very large, principally because of the
chance of having a nonrepresentative sample.  Sometimes
the occurrence of one or two rare flood events can change
the apparent exceedance frequency of a given magnitude
from once in 1,000 years to once in 200 years.  Neverthe-
less, the frequency-curve technique is considerably better
than any other tool available for certain purposes and
represents a substantial improvement over using an array
restricted to observed flows only.  Reliability criteria useful
for illustrating the accuracy of frequency determinations are
described in Chapter 8 of EM 1110-2-1415.

indicating sources of data and adjustments made would be


